abstract BACKGROUND AND OBJECTIVE: Asthma heterogeneity causes difficulty in studying and treating the disease. We built a comprehensive statewide repository linking questionnaire and medical record data with health outcomes to characterize the variability of clinical practices at Ohio children's hospitals for the treatment of hospitalized asthma.
WHAT'S KNOWN ON THIS SUBJECT: Asthma is heterogeneous and 40% to 70% of patients fail to achieve control with current treatment strategies. To delineate relevant subphenotypes of asthma, identify key factors, and test novel interventions, comprehensive repositories linking clinical, environmental, and biologic data are required.
WHAT THIS STUDY ADDS:
This is the first statewide repository for inpatient pediatric asthma. The data collected will better define asthma phenotypes, identify care practices associated with the best health outcomes, and inform personalized care plans to reduce reutilization and readmission for pediatric asthma. Asthma, a chronic inflammatory disorder of the airways, is estimated to affect 25 million people in the United States, costing $56 billion per year in medical expenses, lost school and work days, and early deaths. 1 Asthma is 1 of the most common diseases of childhood, affecting 7.1 million US children, resulting in 7 million ambulatory visits, 774 000 emergency department (ED) visits, 200 000 hospital admissions, and $14.4 million in lost school days annually. 2, 3 In 2008, 15.2% of Ohio children were diagnosed with asthma, and hospitalization rates for asthma in Ohio were 39% to 150% above the Healthy People 2010 targets. 4 Asthma is heterogeneous in terms of phenotypes and natural history, 5, 6 which contributes to difficulty in studying and treating the disease. Forty to seventy percent of asthmatics fail to achieve control of their disease with current treatment strategies. 7 Nearly two-thirds of asthmatic children reported $1 exacerbation in the previous 12 months, and 6-month hospital readmission rates are as high as 40%, 8 highlighting suboptimal management of asthma in this group. 2 Even children with generally wellcontrolled asthma are vulnerable to exacerbations, particularly during acute respiratory illnesses. 9 Therefore, to delineate relevant phenotypes and subphenotypes of asthma, identify key social, environmental, and personal factors, and test novel interventions, comprehensive repositories linking clinical, environmental, and ultimately biologic data are required. 
Questionnaires and Clinical Data Collection
Questionnaires used in this study, completed by the participant's LAR, were modified from the published New Visit Questionnaire currently used by the Greater Cincinnati Pediatric Clinic Repository. 10 Data collected by the questionnaires are described in the online Supplemental Information. Information from the admission including times of admission/discharge to hospital units, measurement tools used, drugs administered, provider specialty, discharge diagnoses, and follow-up is collected from the medical chart. Length of stay (LOS) was defined as the time the disposition was set for admission (or admission time for those directly admitted) until the time that clinical discharge criteria were met.
Data Validation, Flow, Reporting, and Sharing
The data processes are graphically depicted in Fig 1 and are described in the online Supplemental Information.
Statistical Analyses
Variability among the populations and hospital practices were analyzed employing the x 2 test or Fisher's exact test for categorical variables and analysis of variance or KruskalWallis test for continuous variables. A Bonferroni correction for the 7 domains evaluated (demographics, housing characteristics, environmental exposures, asthma severity, ED practices, inpatient practices, and discharge practices) was applied (P # .0071; 0.05/7). Statistical analyses were performed by using JMP Genomics 6.0 and SAS 9.3 (SAS Institute, Inc, Cary, NC). Secondhand smoke (SHS) exposure was defined by a previously described questionnaire. 11 Asthma severity classification (impairment) was assigned as intermittent, mild persistent, moderate persistent, or severe persistent by using the Expert Panel Report-3 (EPR-3) 12 criteria. High risk for asthma admission was defined as hospitalization for asthma in the past 12 months. For the mixed model analyses of asthma impairment and risk, we used the SAS procedure GLIMMIX "between/within" method for computing the denominator degrees of freedom for tests of fixed effects; hospital was assigned as a random effect. 13 
RESULTS

Demographics, Family, and Housing Characteristics of the Populations
As of September 2013, 1012 unique children were enrolled. The mean proportion of eligible participants enrolled was 68% (53% to 81%). Nonparticipants did not differ from participants by age or gender. We had information on race and insurance type for both participants and nonparticipants at the Cincinnati and Cleveland sites; there were no differences observed for either variable. Race (P , .0001), insurance type (P , .0001), income level (P = .0006), and mother's education level (P = .005) exhibited significant variability across the sites (Table 1) .
Overall, the populations served by Cleveland, Cincinnati, and Columbus were predominantly AfricanAmerican, had public insurance, and lower incomes; the populations served by Toledo, Akron, and Dayton were predominantly white with higher incomes. There was no significant variability across the sites in participant age, gender, father's education, number of siblings, personal history of atopy (parental report of physician diagnosis of environmental allergy or report of previous positive skin test to environmental allergen[s]), or family history (mother, father, or siblings) of asthma or environmental allergies.
There was significant variation across the sites in the proportion of subjects with more than 1 residence (P , .0001), as well as the type (P = .0002) and location (P , .0001) of the primary home (Table 1) . The location and type of the second home, as well as the time spent between the 2 homes, did not vary across sites (data not shown). The proportion living in a poverty area (census tracts with poverty rates of 20% or more 14 ) , high school graduation rates, and households where no vehicle is available also significantly varied across the sites (Table 1 ; all P , .0001).
Environmental and Home Exposures
The proportion owning a dog (P , .0001) and reporting roaches in the home (P = .003) varied among all sites. Toledo had the most households with dogs (50%), whereas Cleveland had the least (24%). Eleven percent of the Cincinnati homes revealed roaches compared with none in Toledo or Akron. Sites did not vary significantly in rates of SHS exposure, cat ownership, and rodents in the home.
Differences in ED Practices
There was significant variability across all 6 sites in the use of (7) reporting of clean data via Web, (8) SHRINE/i2b2 warehousing of clean data, and (9) i2b2 query tool. (10) Cleaned data can also be used for quality improvement in the future. 
FIGURE 2
Differences in ED, inpatient, and discharge practices. The 6 sites had significant variability in (A) ED magnesium administration, intramuscular epinephrine administration, initial albuterol spacing, and asthma pathway use (all P , .0001); (B) inpatient ICU admission, ipratropium administration, mode of SABA administration, and treating physician (all P , .0001); and (C) discharge prescription of inhaled corticosteroids (P = .0035), prescription of oral steroids, follow-up telephone call, and follow-up appointments scheduled (all P , .0001).
Differences in Discharge Practices
The sites varied significantly in albuterol spacing for discharge (P , .0001, data not shown), oral steroids (P , .0001) and inhaled corticosteroids prescribed (P = .0035), follow-up appointments scheduled (P , .0001), and telephone calls after discharge (P , .0001; Fig 2C) Health Care Utilization, Previous ICU Admission, Asthma Severity, and LOS Asthma severity classification varied significantly across sites (P = .006; Fig 3A) although when dichotomized as intermittent/mild or moderate/ severe, the variability is no longer significant (Fig 3B; P = .05) . Utilization of the ED/urgent care, primary care physician visits, hospitalizations, and ICU admissions in the previous 12 months did not vary among the sites (data not shown). When the analysis was stratified by present ICU admission, previous ICU admission was significantly associated with current ICU admission in Cincinnati (P , .0001), Columbus (P = .0015), Dayton (P = .002), and Akron (P = .0001; data not shown). Asthma severity classification, previous hospitalization, and ED and primary care physician visits for asthma in the past 12 months were not associated with present ICU admission (data not shown).
The LOS varied significantly across the 6 sites ( Fig 3 C and D ; P , .0001). At 58.1 hours, Cleveland had the longest average LOS, whereas Dayton had the shortest (24.5 hours; Fig 3C) . When dichotomized into short (,24 hours) and long ($24 hours) stays, Cleveland and Columbus had the largest proportion of long stays (95% and 85%, respectively), whereas Dayton and Akron had the fewest (31% and 47%, respectively; Fig 3D) .
To determine if asthma severity classification or risk were associated with clinical practices, we employed a mixed model. Across all hospitals, patients with moderate/severe asthma severity classification were almost 3 times more likely to receive a prescription for inhaled corticosteroids during discharge (odds ratio = 2.7; 95% confidence interval: 1.6-4.5; P = .0039); there were no associations with ED magnesium administration and supplemental oxygen, inpatient ipratropium administration and supplemental oxygen, ICU admittance, and prescription of oral corticosteroids at discharge (data not shown). Asthma severity (P = .07; Fig 4A) and risk (P = .63; Fig 4B) , as well as the combination of severity and risk (P . .11; Fig 4C) were not significantly associated with of LOS.
DISCUSSION
OPAR is a unique and innovative resource that links the 6 Ohio children's hospitals with the goal of improving the health of children with asthma. To our knowledge, this is the first statewide repository for inpatient pediatric asthma. The longterm objective is to identify the practices and phenotypes associated with the best health outcomes so that best practices can be implemented across these hospitals and similar hospitals across the United States. These data will allow for observational and comparative effectiveness studies, and ultimately testing of novel interventions and new management strategies for hospitalized pediatric asthma. These data demonstrate that there are significant differences in the populations served, ED and inpatient practices, ICU usage, discharge criteria, and LOS among the sites, highlighting the opportunity for understanding care practices linked to best outcomes and implementation of best practices for inpatient asthma care.
The degree of variability in the clinical practices observed was somewhat unexpected. These variations in practice are certainly due, in part, to the severity of the individual exacerbation, but are also likely due to institutional policy differences. For example, we observed wide variation in ICU admittance (9% in Dayton to 44% in Cleveland). However, Dayton had the second highest proportion of baseline moderate/severe asthmatics, suggesting that the policies governing what constitutes an ICU admission at each site are a contributing factor. Indeed, ICU admission criteria (albuterol spacing, clinical scores, need for adjunctive therapy, and/or physician assessment) at Dayton are much more stringent than at Cleveland and Columbus and may contribute to the low proportion of children sent to the ICU at that site. Policy differences also hindered some comparisons. For example, each site uses a different clinical scoring system to document the exacerbation severity at admission, so site comparison was not possible. These examples highlight areas that would benefit from standardization of treatment practices for asthma care.
These data, combined with ongoing collection of biologic, genetic, and environmental samples, may provide insights into childhood asthma phenotypes and outcomes. Clinical pathways guide evidence-based health care by outlining a sequence for assessment and interventions for treatment. 15, 16 The use of an asthma clinical pathway results in reduced hospitalization cost and LOS, 16, 17 and implementation of an asthma care process model 8 or intensive care coordination services decreases pediatric asthma readmissions, 18 which highlights the need for improved asthma treatment practices for hospital care. Although the EPR-3 12 provides a basis to develop practice guidelines for asthma and suggests that clinical pathways should be developed, it is mainly focused on outpatient care. 12, 16 This lack of specific guidelines leads to each institution developing their own pathways, evident by the wide-spread differences in clinical practices observed across OPAR hospitals. In the emergency setting, 70% of physicians acknowledge deviating from their institution's asthma pathway due to the patient's treatment response, their own clinical judgment, practical issues, clinical scores, and patient preference. 19 These deviations increase with asthma severity from 55% in mild asthma to 100% in severe asthma. 19 Physician-directed deviations from a given institutional pathway are often due to knowledge and understanding of the patient's history, impairment, risk, and past treatment response. A care process that integrates factors such as previous hospitalization, ICU use, LOS, medication adherence, treatment response phenotype, and psychosocial needs may be necessary to determine the intensity of hospital care, as well as to guide patient education and a home management plan of care. These steps will be necessary to ultimately reduce reutilization or rehospitalization. 8, 18 Collectively, these findings support a role for personalized clinical pathways informed by the heterogeneity of the child's asthma impairment or risk, as well as the aforementioned factors.
OPAR provides a novel infrastructure to conduct comparative effectiveness studies needed to develop clinical pathways tailored to subphenotypes of asthma. In an effort to make informed health decisions regarding the manner in which diseases can be effectively prevented, monitored,
FIGURE 3
Asthma severity and LOS. A, Four-level asthma symptom severity classification varied across all sites (P = .005). B, The proportion of subjects that had moderate/severe asthma classification did not vary across the sites (P = .05). C, LOS (hours) varied significantly across all sites (P , .001). D, The proportion of subjects with long stay length ($24 hours) varied across all sites (P , .0001).
FIGURE 4
Asthma severity classification, asthma risk, and LOS. After accounting for variability between the sites, LOS did not vary with respect to asthma severity classification (P = .05), asthma risk (P = .70), or a combination of the 2 (P . .15 for all categories compared with moderate/severe, high risk).
managed, and treated, the 2010 Patient Protection and Affordable Care Act recommends that research evaluate patient-centered outcomes and heterogeneous treatment effects as key components of comparative effectiveness research (CER), including differences in patient characteristics and models of health care delivery. 20, 21 Traditional observational CER studies usually rely on administrative data that lack important clinical information, types of health care interventions, and rationale used in health care decisionmaking. 22 Enhanced patient registries that link administrative, clinical, and prospective patient data, such as OPAR, provide unparalleled opportunities for observational CER studies to describe standard care and to identify clinically relevant comparators. 22 Electronic medical records provide the optimal environment to develop rigorous CER studies based on these enhanced registries, allowing study designs and analytical approaches that reduce confounding and selection bias. 22 OPAR has some limitations and challenges. Potential selection bias due to recruitment variation across the sites was minimized by conducting training visits and having broad inclusion criteria. As in many observational studies, the associations observed cannot be interpreted as causation. 23 Recall of baseline asthma severity may be impacted by the severity of the current exacerbation, although each baseline symptom question was qualified by the statement "not including the days leading up to this hospitalization. " Baseline severity also could have been affected by asthma medication use before hospitalization. The exposure data may be underestimated by the LAR, especially for SHS where there is known underreporting in the inpatient setting. 24 This was minimized by using a 4-question panel that provides a comprehensive account of SHS. 11 Lastly, the current OPAR infrastructure does not take full advantage of technology and the electronic medical record due to the high cost and a lack of availability of clinical data in electronic form at all sites, but we continue to develop methodologies to work toward automated data collection.
FUTURE DIRECTIONS
OPAR continues to recruit and as of September 23, 2014 , includes 2608 unique children ranging from 176 to 795 individuals at each site. Current ongoing and future analyses will compare ED, inpatient, and discharge practices, along with patient demographics, exposures, and asthma severity with respect to LOS, reutilization, and readmission rates to determine the practices that lead to the best clinical outcomes across all hospitals. Efforts will also be made to determine if personalized or phenotype directed practices improve outcomes. In the future, OPAR will enable the best practices identified from our CER studies to be implemented and tested in intervention trials across the sites. The collection of biologic samples including hair, serum, urine, saliva, and nasal epithelial cells has begun at CCHMC and are planned at the other sites. These samples will be quantified for environmental exposures, stress measures, immune profiles, and genomic variation and analyzed with respect to site heterogeneity, LOS, and admission patterns and rates.
CONCLUSIONS
OPAR is a valuable and unprecedented resource in which to conduct observational, comparative effectiveness, and intervention studies for pediatric asthma. Data collected thus far reveal significant variability in the patient demographic served and in hospital practices for the treatment and management of pediatric asthma. These data will better define asthma phenotypes, identify best care practices while avoiding unnecessary variation in care practices, as well as inform personalized care plans to reduce reutilization and readmission for asthma.
